Abstract. Motivated by the need to develop instrumental techniques for characterizing organic aerosol aging, we report on the performance of the Toronto Photo-Oxidation Tube (TPOT) and Potential Aerosol Mass (PAM) flow tube reactors under a variety of experimental conditions. The PAM system was designed with lower surface-area-tovolume (SA/V) ratio to minimize wall effects; the TPOT reactor was designed to study heterogeneous aerosol chemistry where wall loss can be independently measured. The following studies were performed: (1) transmission efficiency measurements for CO 2 , SO 2 , and bis(2-ethylhexyl) sebacate (BES) particles, (2) H 2 SO 4 yield measurements from the oxidation of SO 2 , (3) residence time distribution (RTD) measurements for CO 2 , SO 2 , and BES particles, (4) aerosol mass spectra, O/C and H/C ratios, and cloud condensation nuclei (CCN) activity measurements of BES particles exposed to OH radicals, and (5) aerosol mass spectra, O/C and H/C ratios, CCN activity, and yield measurements of secondary organic aerosol (SOA) generated from gas-phase OH oxidation of m-xylene and α-pinene. OH exposures ranged from (2.0 ± 1.0) × 10 10 to (1.8 ± 0.3) × 10 12 molec cm −3 s. Where applicable, data from the flow tube reactors are compared with published results from the Caltech smog chamber. The TPOT yielded narrower RTDs. However, its transmission efficiency for SO 2 was lower than that for the PAM. Transmission efficiency for BES and H 2 SO 4 particles was size-dependent and was similar for the two flow
Introduction
For decades, smog chamber reactors have been used to simulate physical and chemical processes in the atmosphere (Turpin et al., 2000; Rudich et al., 2007; Kroll and Seinfeld, 2008) . Such chambers range in size from 0.01 m 3 to 250 m 3 (Lonneman et al., 1981; Mentel et al., 1996) , providing aerosol residence times of hours to days. While flow tube reactors have been used to study the chemistry of inorganic particles since the 1950s (Robbins and Cadle, 1958; Hanson and Lovejoy, 1995) , their application to the study of organic surfaces (Cooper and Abbatt, 1996; de Gouw and Lovejoy, 1998; Bertram et al., 2001 ) and organic particles (Morris et al., 2002; Katrib et al., 2005; Hearn and Smith, 2006; Published by Copernicus Publications on behalf of the European Geosciences Union. McNeill et al., 2008; Smith et al., 2009 ) is relatively recent.
Flow tube reactors, with volumes typically in the range of 0.001-0.01 m 3 , provide aerosol residence times of seconds to minutes. Despite shorter residence times, much higher oxidant concentrations are attainable, which facilitate higher exposure times equivalent to 1-2 weeks of atmospheric oxidation. Further, experiments that may take hours in a smog chamber can be performed in minutes in a flow tube, under conditions that can be better controlled with respect to oxidant concentration, contamination (Lonneman et al., 1981; Joshi et al., 1982) and wall interactions (McMurry and Rader, 1985; McMurry and Grosjean, 1985; Pierce et al., 2008) . On the other hand, smog chambers with lower oxidant concentrations and longer residence times may more closely simulate atmospheric oxidation. All laboratory reactors are imperfect simulations of the atmosphere because they have walls that cause particle loss and can influence the chemistry of semivolatile organics and, thus, particle growth and composition (Matsunaga and Ziemann, 2010) . Therefore, utilizing flow tubes and smog chamber reactors with different designs can complement each other, making it possible to extend studies over a range of parameters unattainable by either method individually, and ultimately lead towards a better understanding of atmospheric aerosol processes. The results of laboratory aerosol experiments are used as inputs to climate models. Therefore, the evaluation of experimental uncertainties associated with measurements is needed for reliable application. The characterization of different reactor designs is important to establish the reliability of the experimental techniques.
In this paper, we compare two flow tube reactors of different designs. One is a glass flow tube of conventional dimensions (34 cm length × 7.3 cm diameter) developed at the University of Toronto for controlled heterogeneous oxidation studies of particles (George et al., 2007) . The other flow tube developed at the Pennsylvania State University has a significantly larger volume (46 cm length × 22 cm diameter), providing a smaller surface-to-volume (SA/V) ratio (Kang et al., 2007) . The two flow tubes are designated as the Toronto Photo-Oxidation Tube (TPOT) and Potential Aerosol Mass (PAM) reactors, respectively. An important distinction between the two flow tubes is that attempts were made to minimize wall interactions in the PAM (e.g. large radial/axial ratio and flow is subsampled from the center of the reactor while flow near the walls is dumped), whereas no such attempts were made with the TPOT. The TPOT was designed to generate high OH concentrations for heterogeneous oxidation experiments. The PAM was designed for the study of gas-to-particle formation processes, and was adopted for aerosol kinetic studies by the Boston College -Aerodyne Research research group. The speed of flow through both flow tubes was slow: 0.35 cm s −1 in the TPOT and 0.37 cm s −1 in the PAM. The SA/V ratio is significantly smaller for the PAM (0.23 cm −1 ) than for the TPOT (2.8 cm −1 ); however, the larger volume of the PAM may facilitate more convection or dead volume. Results are compared to smog chamber data where applicable.
The following studies were performed: (1) transmission efficiency measurements for CO 2 , SO 2 , and bis(2-ethylhexyl) sebacate (BES) particles, (2) H 2 SO 4 yield measurements from the oxidation of SO 2 , (3) residence time distribution (RTD) measurements for CO 2 , SO 2 , and BES particles, (4) aerosol mass spectrometer (AMS) and cloud condensation nuclei (CCN) activity measurements of BES particles exposed to OH radicals, and (5) AMS, CCN activity, and yield measurements of secondary organic aerosol (SOA) generated from gas-phase OH oxidation of m-xylene and α-pinene. The purpose of the study is to assess the effects of flow tube design differences on reactor performance and ultimately on the atmospheric relevance of laboratory-based SOA measurements.
Experimental
A schematic of the experimental setup is shown in Fig. 1 . Gas/particle sources and monitoring instruments were shared by the TPOT and PAM, with 3-way valves placed upstream and downstream to switch flows and monitoring instruments between reactors. Input lines 1 and 2 provide gases for the production of OH radicals. Line 3 supplies gas-phase α-pinene or m-xylene for the production of SOA, or SO 2 for the production of H 2 SO 4 . Line 4 provides monodisperse BES particles. BES and H 2 SO 4 were used as proxies for primary and secondary aerosols in specific characterization studies. Smog chamber data used in the intercomparison were obtained in the dual 28-m 3 Caltech chambers; experimental details are described in Ng et al. (2007a,b) .
OH radical generation
O 3 was produced from external irradiation of O 2 with a mercury lamp (λ = 185 nm) and was measured with an O 3 monitor (2B Technologies). Excited oxygen [O( 1 D)] atoms are produced from UV photolysis of O 3 (λ = 254 nm) inside the flow tubes at a relative humidity of 25-30%. The radical O( 1 D) then reacts with water vapor (introduced using a Nafion membrane humidifier; Perma Pure LLC) to produce OH radicals in the flow tubes. Both O 3 and OH will oxidize organic species. However, except for α-pinene experiments performed at low OH concentrations, OH was always the principal oxidant. OH exposures were obtained by measuring the decay of SO 2 due to reaction with OH at specific UV lamp intensities and O 3 concentrations (more details provided in the Appendix). Typical OH concentrations ranged from ∼10 8 to ∼10 10 molec cm −3 and typical OH exposures ranged from (2.0 ± 1.0) × 10 10 to (1.8 ± 0.3) × 10 12 molec cm −3 s. Assuming an average atmospheric OH concentration of 1.5 × 10 6 molec cm −3 (Mao Fig. 1 . Schematic of experimental setup. Gas/particle sources and monitoring instruments were shared by the PAM and TPOT flow tubes, with 3-way valves placed upstream and downstream to switch flows and monitoring instruments between reactors. Input lines 1 and 2 provide gases for the production of OH radicals. Line 3 supplies gas-phase α-pinene or m-xylene for the production of secondary organic aerosol (SOA), or SO 2 for the production of H 2 SO 4 . Line 4 provides monodisperse BES particles. et al., 2009), this experimental exposure is equivalent to 0.2-14 days of atmospheric oxidation. Prior to an oxidation experiment, each flow reactor was conditioned with OH radicals until a near-zero particle background was attained.
In the Caltech chamber, OH radicals were generated by UV photolysis of H 2 O 2 (λ = 350 nm). The Caltech chamber experiments typically generated [OH] = 3.0 × 10 6 molec cm −3 for 7-11 h experimental times, covering oxidant exposures from 7.5 × 10 10 to 1.2 × 10 11 molec cm −3 s for a given experiment.
Aerosol flow reactors

TPOT reactor
The Toronto Photo-Oxidation Tube (TPOT) reactor combines a 1.6 L mixing chamber upstream of a 0.8 L reaction chamber and a 0.8 L bypass chamber, and is similar to the design of George et al. (2007) except that the outlet of the reaction chamber is orthogonal to the UV lamp. The glass mixing chamber is 50 cm long × 3.6 cm ID and the glass reaction chamber is 34 cm long × 7.3 cm ID. A 22.9-cm O 3 -free mercury pen-ray lamp (UVP) with peak emission intensity at λ = 254 nm is mounted in the center of the reaction chamber. Carrier gas flows of 8.5 lpm N 2 and 0.5 lpm O 2 were used, with 1.6 lpm pulled through the reaction and bypass chambers and 7.4 lpm of excess flow removed prior to the mixing chamber. At these flow conditions, the average plug flow residence time (τ plug ; volumetric flow rate divided by reactor volume) in the TPOT mixing chamber plus the reaction chamber was 110 s. The UV lamp is surrounded by a quartz sheath tube that was continuously purged with compressed air to cool the lamp. The UV lamp material filtered out 185 nm light to prevent O 3 production. The OH exposure was varied by changing the O 3 concentration input to the mixing chamber.
PAM reactor
The Potential Aerosol Mass (PAM) reactor is a horizontal 15 L glass cylindrical chamber that is 46 cm long ×22 cm ID. In an effort to reduce wall effects on the photochemistry, the PAM flow reactor was designed with a larger radial/axial dimension ratio and a smaller surface SA/V ratio relative to other flow reactors (e.g. TPOT). Also, the sample flow (87% of total flow) is subsampled from the center of the reactor, with a secondary flow (13% of total flow) diverted at the exit through an internal perforated ring that dumps air near the reactor walls. The current PAM design is different from the PAM reactor used in Kang et al. (2007) , which was a vertical 19 L Teflon bag with the flow entering the top and a length of 60 cm. Carrier gas flows of 8.5 lpm N 2 and 0.5 lpm O 2 were used, with 8.5 lpm of flow pulled through the PAM and 0.5 lpm of excess flow removed prior to the reactor. At these flow conditions, the τ plug was 106 s, compared to a τ plug of 240 s used by Kang et al. (2007) . Four mercury lamps (BHK Inc.) with peak emission intensity at λ = 254 nm are mounted in teflon-coated quartz cylinders inside the chamber. The lamp-mounting cylinders were continually purged with N 2 to prevent O 3 formation and remove outgassing compounds. Unlike the TPOT and the PAM chamber in Kang et al. (2007) , the OH exposure in the PAM was varied by changing the UV light intensity via stepping the lamp voltages between 0 and 110 V.
Flow tube residence time distributions
Flow tube residence time distributions (RTDs) for gas-phase species were characterized by introducing 10-and 30-s pulses of CO 2 and SO 2 into the flow tubes. CO 2 and SO 2 were used as surrogate wall-inert and wall-adhering species. Prior to SO 2 pulsed inputs, flow tube walls were passivated as much as possible by flowing SO 2 until the measured concentration was constant, at which point the flow was removed A. T. Lambe et al.: Characterization of aerosol photooxidation flow reactors and the signal returned close to background. Pulses were obtained by opening and closing a mass-flow controller (MKS Instruments), and the CO 2 or SO 2 concentration exiting the flow tube was measured immediately downstream. Tensecond pulses of 145-nm BES particles were used to characterize RTDs for condensed-phase species. BES pulses were obtained by applying and removing voltage to a differential mobility analyzer (DMA) column, and the particle concentration exiting the flow tube was measured with a CPC. In a separate test, we verified time definition of the 10-s pulses by transmitting the gas flow through straight copper tubing. The pulses were sharp on the timescale of the flow tube RTDs.
Particle generation
In heterogeneous oxidation experiments, BES aerosols were generated by heating liquid BES to 145 • C inside a nucleator flask. Following George et al. (2009) , 145 nm BES particles were size-selected with a DMA (TSI 3071A). The DMA sheath and excess flows were balanced at 10 lpm. A 1.2 lpm monodisperse flow of BES particles was introduced into the PAM or TPOT using input line 4 (Fig. 1) .
SOA was generated via gas-phase oxidation of m-xylene or α-pinene followed by homogeneous nucleation. Similarly, sulfuric acid (H 2 SO 4 ) particles were generated by OH oxidation of SO 2 . The gas-phase species were introduced into the reactor at controlled rates using a mass-flow controller. Because of greater wall interactions in the SOA formation experiments in the TPOT, higher concentrations of m-xylene and α-pinene were introduced to the TPOT (262-263 ppb) than the PAM (78-88 ppb) to achieve sufficient signal-to-noise ratio in the detection of SOA particles. Caltech chamber SOA was generated from initial m-xylene and α-pinene concentrations that ranged from 14-48 ppb (Ng et al., 2007a,b) . Flow tube-and smog chamber-generated SOA was formed under low-No x conditions.
Particle monitoring and analysis
Immediately downstream of each flow tube, annular denuders loaded with silica gel dessicant and Carulite 200 catalyst (Carus Corp.) removed water (RH < 20%) and ozone (denuding efficiency > 80%) prior to measurements. Particle number concentrations and size distributions were measured with a TSI scanning mobility particle sizer (SMPS). Bulk aerosol mass spectra of the aerosol were measured with Aerodyne compact and high-resolution time-of-flight aerosol mass spectrometers (c-ToF-AMS, HR-ToF-AMS; Drewnick et al., 2005; DeCarlo et al., 2006) . Elemental analysis (Aiken et al., 2008) was performed on the HR-ToF-AMS data to determine the aerosol hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratios, the latter of which was used as a proxy for the aerosol carbon oxidation state . For experiments where HR-ToF-AMS data was unavailable, we applied HR-ToF-AMS-derived calibration factors relating the O/C ratio to the fraction of organic signal at m/z = 44 (f 44 ) to c-ToF-AMS measurements. These calibrations are shown in Fig. A1 . CCN activity of particles was measured with a Droplet Measurement Technologies CCN Counter (Roberts and Nenes, 2005) . The fraction of activated particles was determined by measuring total particle concentrations with a CPC (TSI 3022A) colocated with the CCN Counter (hereafter referred to as "CCNC"). A DMA upstream of the CCNC and CPC was used to select a dry mobility diameter (D m ) of 145 nm for oxidized BES particles and 50 nm for m-xylene/α-pinene SOA particles. For each D m , the CCNC column temperature gradient was systematically varied between 0.1-1.5% water vapor supersaturation or until 100% activation was reached, whichever occurred first. CCN activity was characterized in terms of the hygroscopicity parameter κ as defined by Petters and Kreidenweis (2007) . Example CCN activation curves are shown in Fig. A2 .
SOA yields were calculated from the ratio of aerosol mass formed to precursor gas reacted. We estimated the mass of precursor gas reacted from the bimolecular rate constants of m-xylene + OH, α-pinene + OH, and α-pinene + O 3 (Atkinson, 1986 ). These calculations suggested that about 40%-100% of the m-xylene and 80%-100% of the α-pinene reacted, depending on the flow tube OH exposure. The aerosol mass was calculated from the integrated particle volume and the effective particle density (ρ = D va /D m ), where D va is the mean vacuum aerodynamic diameter and D m is the electric mobility diameter. Yields were corrected for UV lamp-induced temperature increases in the PAM by applying yield corrections of −0.02 per degree K of temperature rise (Stanier et al., 2007; Qi et al., 2010) relative to room temperature. These temperature corrections typically ranged from 10-20%. Caltech smog chamber yields were corrected for wall losses using size-dependent ammonium sulfate wallloss measurements. The magnitude of these wall loss corrections typically ranged from 10-30%.
Results and discussion
This study provides intercomparison measurements of aerosol O/C and H/C ratios, aerosol CCN activity, and secondary aerosol yields. We expect that two fundamental properties of the different systems will most strongly affect aerosol measurements: (1) wall interactions and (2) residence time distributions (RTDs) of gases and particles in the reactors. Wall interactions (gas and particle) are influenced by a combination of reactor SA/V ratio and average residence time, and influence the measured yields of oxidation products. The PAM is designed to minimize wall interactions, as compared with the TPOT. Specifically, the PAM has a SA/V ratio ∼10 × lower than the TPOT while the average TPOT and PAM residence times are similar, the PAM has a larger radius which minimizes interactions with the walls due to diffusion, and the PAM subsamples flow from the center of the tube whereas the TPOT samples the total flow. Flow tube transmission efficiency measurements in Sects. 3.1 and 3.2 show the effects of wall interactions on measured gas and particle yields. RTDs are influenced by reactor geometry and flow rate, as characterized by the Reynolds number (Re). Flow is laminar in both the TPOT (Re = 15) and PAM (Re = 55); however, nonideal flow behaviors in the two systems are expected to produce flow instabilities that broaden the RTD's. Consequently, a precursor introduced to the reactors in the presence of oxidants may sample a wide range of OH exposures. This may affect the measured chemical composition and CCN activity of SOA particles generated in the flow tubes and compared with the smog chamber. Measurements of gas and particle RTDs are presented in Sect. 3.3. The influence of these two factors on the PAM and TPOT SOA chemistry, CCN activity, and SOA yields are presented in Sects. 3.4 and 3.5. Finally, the Caltech smog chamber SA/V ratio is much lower than in the TPOT and PAM, while the average residence time is much longer. Flow tube -smog chamber intercomparison measurements presented in Sect. 3.5 provide insight into the relative importance of the two factors in influencing SOA chemistry and yields.
Flow tube transmission efficiencies
Gas-phase transmission efficiencies
Pulsed inputs of CO 2 and SO 2 (10 and 30 s in duration) were used to measure the transmission efficiencies of inert (CO 2 ) and wall-adhering (SO 2 ) gases. Because SO 2 can adhere to walls, the flow tubes were passivated prior to measurements as discussed in Sect. 2.3. For each gas-phase species, transmission efficiency was measured for 7-10 pulses. The measured CO 2 transmission efficiency was 0.97 ± 0.10 for the TPOT and 0.91 ± 0.09 for the PAM (uncertainties represent ±1σ in measurements unless otherwise noted). The SO 2 transmission efficiency was 0.45 ± 0.13 for the TPOT and 1.2 ± 0.4 for the PAM. Within measurement uncertainty, transmission efficiency was independent of pulse duration and approximately unity for both flow tubes with the exception of SO 2 in the TPOT. Comparing SO 2 and CO 2 transmission efficiencies suggests that SO 2 wall loss is negligible in the PAM but is significant (∼55%) in the TPOT for pulsed experiments. The significant, irreversible wall loss of SO 2 in the TPOT for this study was likely due to a chemical adsorption/reaction process that was not fully passivated at the time of the experiment. If this process has a constant SO 2 uptake rate, it should not affect our interpretations of the residence time distribution measurements. 
Particle transmission efficiency
Monodisperse BES particles were size-selected with D m ranging from 50-300 nm to measure size-dependent particle transmission efficiencies in the flow tubes. Transmission efficiency was calculated from two CPC instruments; one at the input, the other at the output of the flow tubes, that agreed to within ±5% when sampling the same flow. Figure 2 shows the transmission efficiency of BES particles through the TPOT and PAM as a function of D m . Transmission efficiencies were similar for both instruments from D m > 75 nm, though the TPOT experienced more particle loss at the smallest particle size (50 nm). Particle losses through copper tubing upstream and downstream of the flow tubes were negligible. The particle transmission efficiencies for the two systems shown in Fig. 2 have increasing size-dependent trends as simple theory predicts (Hinds, 1999) ; however, the magnitudes of measured particle losses are significantly greater than predicted by theory. The reason for the discrepancy may be due to (a) expansions and contractions in the flow tube designs that are not accounted for in the simple theory and may induce convection or dead volume in the flow tubes, or (b) the non-conducting Pyrex material of both flow tubes may induce greater particle losses due to electrostatic deposition.
H 2 SO 4 yield measurements
H 2 SO 4 yield measurements were chosen to evaluate the measurement of secondary aerosol yields in the flow systems. SO 2 oxidation is a relatively simple system with a single rate-limiting step in the presence of water vapor, has a known rate constant, and generates a well-characterized binary component particle (H 2 SO 4 and H 2 O). However, it may not be a perfect surrogate for SOA because the wall loss behavior of the product gases (i.e., H 2 SO 4 vapor and semivolatile organic compounds) may differ. The transmission efficiency of H 2 SO 4 particles was calculated from the ratio of the measured aerosol mass to the theoretical H 2 SO 4 aerosol yield from the known SO 2 -OH reaction. Because the H 2 SO 4 mass measurement includes water taken up by the H 2 SO 4 particles, calculations were performed to extract the dry H 2 SO 4 mass from H 2 SO 4 -H 2 O particles as discussed in Appendix A. Higher SO 2 concentrations were used in the TPOT to compensate for larger SO 2 wall losses: 77-84 ppb in the TPOT and 10-62 ppb in the PAM.
Two trends were observed in both flow tubes. First, at a specific OH concentration, increasing the SO 2 concentration increased the transmission efficiency of H 2 SO 4 particles because a smaller fraction of SO 2 and H 2 SO 4 vapor was required to passivate the walls. Second, H 2 SO 4 particle transmission efficiency was affected by the OH concentration. At low OH concentration, the SO 2 lifetime was longer (τ ∼ 140 s) and H 2 SO 4 aerosol yield was more affected by SO 2 and H 2 SO 4 vapor wall loss. At high OH concentration, SO 2 was oxidized more quickly (τ ∼ 30 s), and H 2 SO 4 aerosol yield was less affected by losses of SO 2 and H 2 SO 4 vapor to the walls. As the OH exposure was increased from about 4 ×10 11 molec cm −3 s to 1.8 × 10 12 molec cm −3 s in the TPOT, the H 2 SO 4 mean volume-weighted D m increased from 50 nm to 86 nm while the particle transmission efficiency increased from 0.14 to 0.44. Over a similar OH exposure range in the PAM, the mean H 2 SO 4 D m increased from 65 nm to 75 nm while the particle transmission efficiency increased from 0.30 to 0.51. Assuming typical experimental conditions of 10 5 particles cm −3 with a mean diameter of 75 nm and a gas-phase diffusion coefficient of 0.1 cm 2 s −1 , the characteristic timescale for condensation of H 2 SO 4 vapors onto preexisting particles was ∼50 s. Timescales for gas-phase diffusional wall losses were ∼70 s in the TPOT and ∼600 s in the PAM. These calculations indicate that flow tube walls were competitive with H 2 SO 4 particles as a sink for H 2 SO 4 vapors in the TPOT and significantly less competitive with H 2 SO 4 particles in the PAM.
Average H 2 SO 4 particle transmission efficiencies in the TPOT and PAM are plotted in Fig. 2 as a function of mean volume-weighted mobility diameter. The particle transmission efficiencies through the flow tubes are shown to be similar for BES and H 2 SO 4 particles. For the test conditions here, the yields for SO 2 oxidation (H 2 SO 4 particle formation) saturate at particle transmission efficiencies of ∼0.5 due to size-dependent particle losses in the flow reactors. Thus, yield measurements of SO 2 oxidation in the flow tubes is a function of SO 2 and H 2 SO 4 loss to walls (until saturated) and the depositional loss of the resulting particles inside the reactors prior to detection. SOA reaction yields measured in flow tubes reactors will have similar experimental dependencies.
Flow tube residence time distributions (RTDs)
Residence time distributions (RTDs) of the two flow tube reactor designs were characterized with an inert gas (CO 2 ), a wall-adhering gas (SO 2 ), and a low-volatility spherical particle (BES). Figure 3a and b show representative residence time distribution measurements for CO 2 , SO 2 and BES pulsed inputs to the TPOT and the PAM, respectively. The pulses were produced as discussed in Sect. 2.3, with each species added individually. Figure 3c compares the measured RTDs for CO 2 in the TPOT and the PAM. Three sets of observations are evident from Fig. 3 .
The first observations relate to the shape and width of the RTDs measured with CO 2 . Figure 3c shows measured RTDs for CO 2 in the TPOT and in the PAM plotted with theoretical RTDs for reactors with ideal plug flow and ideal laminar flow characteristics. The theoretical RTDs were calculated assuming an average residence time of 100 s (compared with 110 and 106 s plug flow residence times for the TPOT and PAM, respectively). Under plug flow conditions, the RTD is the duration of the pulse delayed by the transit time through the flow tube. Under laminar flow conditions, the shortest transit time through the flow tube is half of the average residence time. The initial shapes of both flow tube RTDs are similar to the theoretical laminar flow predictions, though the measured RTDs occur earlier in time, and both measured RTDs exhibit tailing at longer times. To gain a fuller understanding of the flow conditions in both systems, we modelled the RTDs as a laminar flow broadened by axial and radial diffusion using a Taylor dispersion model (Taylor, 1953) . A best fit to our measurements required that we assumed two flow regimes: (1) a primary component that passes through the reactors without recirculation, and (2) a secondary component that is slower and more diffuse due to convectioninduced recirculation or entrainment in dead volumes within the reactors. The flow model results are shown by the dashed black traces in Fig. 3c . The model, described in Appendix A, predicts less recirculation (i.e., smaller secondary flow component) in the TPOT than in the PAM (Fig. A3) , which is in agreement with the observations that show narrower RTDs in the TPOT.
The second set of observations from Fig. 3 are that the RTDs from the SO 2 pulses are delayed relative to the CO 2 pulses. In the absence of wall interactions, the CO 2 and SO 2 RTDs are expected to be the same. Therefore, this delay indicates SO 2 -wall interactions. In the TPOT, the SO 2 pulse was delayed relative to the CO 2 pulse by 40-50 s (refer to Appendix A). A delay was also observed in the PAM, but it was smaller (∼20 s) due to the lower SA/V ratio. The SO 2 RTD experiments show unambiguous wall effects on gas-phase precursors in the flow tube reactor designs. How these wall effects impact chemical and yield measurements of secondary organic aerosol (SOA) will depend upon oxidation rates and accommodation coefficients of the precursor and intermediate gases by the walls.
The third set of observations are that the BES RTDs were narrower than the corresponding CO 2 and SO 2 RTDs in both flow tubes. This was likely due to either (a) poor mixing of the particles into the carrier gas flow prior to the reactors, or (b) greater fractional particle losses for particles entrained in convection currents/dead volumes (i.e., longer residence times in reactors with more potential for wall interactions). For the PAM, the difference between BES particles and gasphase species was more pronounced than in the TPOT, possibly because the mixing time upstream of the PAM was significantly shorter or because longer residence times due to recirculation of the flow resulted in higher particle losses in the PAM than in the TPOT.
The measured RTDs have several implications for accurately comparing aerosol chemistry measurements from one system to another. The measured RTDs for these flow tube systems are asymmetric in time with a sharp peak at ≤50% of the plug flow residence time and a significant tail to times greater than τ plug . Pulsed aerosol chemistry experiments with high time resolution detection techniques may provide more accurate results over a range of OH exposures than steadystate flowing experiments. Further, the wall-adhering SO 2 experiments show that the average (RTD-weighted mean) residence times are greater than that predicted from the CO 2 experiments, indicating that the OH exposure is dependent upon the precursor gas wall interactions (i.e., volatility, mass accommodation, and SA/V ratio of the system). Finally, the BES experiments suggest a similiar asymmetry in the measured RTDs and corresponding residence times in flow tube reactors for heterogeneous reaction experiments, with the added uncertainty of increasing particle losses with residence time due to recirculation. Figure 4b shows results of CCN activity studies expressed in terms of the hygroscopicity parameter κ of heterogeneously oxidized BES particles as a function of OH exposure. As expected, κ increased as the OH exposure and O/C ratio increased (Petters et al., 2006; Massoli et al., 2010) . The κ values for particles with O/C > 0.08 were between 0.012-0.028. At an OH exposure of ∼1.4 × 10 12 molec cm −3 s, the κ values measured with the two flow tubes were within 50% of each other. However, at lower OH exposures for O/C < 0.08, the κ values measured in the two flow tubes diverged considerably, differing by as much as 100%. Under the low oxidation levels with the large κ discrepancies, the CCN activation curves for both systems are broad (Fig. A2) . The κ discrepancy and broad CCN activation curves can both be explained by the fact that (1) heterogeneous oxidation timescales of BES particles (∼200-3000 s; George et al., 2007; Lambe et al., 2009) are slow compared to average particle residence times in the flow tubes, and (2) the RTDs for BES particles differ between the PAM and the TPOT at longer residence times (Figs. 3 and A3) . Therefore, because the heterogeneous oxidation rates are slow and the PAM exhibits a longer tail in the measured BES RTD, the BES particles experience more oxidation in the PAM for essentially the same flow and average OH exposure conditions. The difference in the oxidation level of the BES particles for the low OH exposure conditions is highlighted by the CCN measurements ( Fig. 4b ), but is not as obvious in the O/C and H/C ratio measurements (Fig. 4a ). This may be due to different chemical composition that is captured by the CCN measurements but not the O/C and H/C ratio measurements.
O/C ratio, H/
CCN activity
O/C ratio, yield and CCN activity of m-xylene and α-pinene SOA
For SOA obtained from m-xylene and α-pinene, in addition to the data obtained with the TPOT and PAM, published yield data (Ng et al., 2007a,b) and unpublished AMS measurements obtained in the Caltech smog chamber were included in the comparison. Figure 5 shows the O/C and H/C ratios as a function of OH exposure for m-xylene and α-pinene-generated SOA produced in the TPOT, PAM and Caltech smog chamber. The equivalent atmospheric photochemical age at [OH] = 1.5 × 10 6 molec cm −3 is shown on the top axis. As shown in Fig. 5a at low OH exposure (<10 11 molec cm −3 s), the O/C ratio for m-xylene SOA generated in the flow tubes was 0.63 ± 0.03 in the TPOT and 0.60 ± 0.01 in the PAM.
O/C and H/C ratios
The corresponding H/C ratios were 1.46 ± 0.06 in the TPOT and 1.43 ± 0.07 in the PAM (Fig. 5b) . For the smog chambergenerated m-xylene SOA, the O/C ratio increased from 0.08 to 0.43 as a function of OH exposure. The higher O/C ratio in the flow tube SOA compared to the smog chamber was probably due to faster gas-phase oxidation, resulting in higher levels of oxidation prior to nucleation. As the OH exposure was increased from ∼10 11 to ∼10 12 molec cm −3 s, the O/C ratio of m-xylene SOA increased to 0.77 ± 0.05 in the TPOT and 1.24 ± 0.07 in the PAM. These increases in O/C were accompanied by the H/C ratio decreasing to 1.38 ± 0.06 in the TPOT and 1.10 ± 0.05 in the PAM, indicating that the PAM-generated SOA was more oxidized. Differences in the O/C and H/C ratios of m-xylene SOA at ∼10 12 molec cm −3 s OH exposure may be related to different gas-phase residence time distributions (as discussed above) or to different organic aerosol concentrations (C OA ). Assuming a diffusion coefficient of 0.1 cm 2 s −1 for oxidized vapors, characteristic vapor wall loss timescales were much shorter in the TPOT than in the PAM (Sect. 3.2) despite similar average residence times (Fig. 2) . This indicates that walls were a more competitive sink for vapors in the TPOT than in the PAM. In describing the effects of gas-wall partitioning on SOA formation, Matsunaga and Ziemann (2010) treated smog chamber walls as an effective organic aerosol concentration (C w ). If the sum of C OA and C w was larger in the TPOT than in the PAM, the condensed-phase partitioning of semivolatile compounds with effective saturation concentrations (C * ; Donahue et al., 2006) similar to C OA + C w would increase. This would enrich the aerosol with less-oxidized, higher-volatility products having lower O/C.
In Fig. 5c , the O/C ratio for α-pinene SOA generated in both flow tubes was 0.45 ± 0.02 at low OH exposures. The corresponding H/C ratios were 1.51 ± 0.09 in the TPOT and 1.45 ± 0.07 in the PAM (Fig. 5d) . Smog chamber-generated α-pinene SOA had O/C ratios ranging from 0.20 to 0.30. At high OH exposures, the O/C ratio of α-pinene SOA increased to 0.70 ± 0.12 in the TPOT and 0.90 ± 0.05 in the PAM, with corresponding H/C ratios of 1.45 ± 0.07 in the TPOT and 1.17 ± 0.06 in the PAM. As was the case with mxylene SOA, differences in α-pinene SOA O/C and H/C ratios may be due to the different residence time distributions or to different C * /(C OA + C w ) ratios, as well as to different flow tube designs. In the TPOT, the mixing tube upstream of the reactor flow tube (Fig. 1 ) allowed α-pinene and O 3 to mix and react prior to OH exposure, leading to the OH oxidation of different species. Upstream of the PAM, mixing time prior to OH exposure is minimized. This is captured by the different evolution of O/C and H/C with OH exposure in the TPOT and PAM, which may illustrate the formation of different functional groups as a result of oxidation (Heald et al., 2010) . 
SOA yield
Figures 6 and 7 show yields of m-xylene and α-pinene SOA as a function of OH exposure and C OA , respectively, for the TPOT, PAM and Caltech chamber. Flow tube SOA yields were corrected for size-dependent particle transmission efficiency measurements (Fig. 2) , and smog chamber SOA yield were corrected using size-dependent (NH 4 ) 2 SO 4 wall loss measurements (Sect. 2.5). Figure 6 indicates that SOA yield was strongly affected by OH exposure. SOA yields in the TPOT were lower than in the PAM and Caltech chamber. This is presumably because the higher TPOT SA/V ratio caused greater losses of gasphase precursors and/or oxidation products to the walls, as was observed with SO 2 and H 2 SO 4 (Sects. 3.1.1 and 3.2). For comparable OH exposures (∼10 11 molec cm −3 s), α-pinene SOA yields in the PAM (0.38 ± 0.08) and Caltech chamber (0.42 ± 0.06) agreed within 10%. These PAM chamber results are also consistent with those obtained by Kang et al. (2007) . However, m-xylene SOA yields in the PAM (0.17 ± 0.07; ∼3 × 10 11 molec cm −3 s OH exposure) and Caltech chamber (0.37 ± 0.01; ∼1 × 10 11 molec cm −3 s OH exposure) were different. This indicates that yields of m-xylene SOA may be more sensitive to OH concentration, OH exposure or wall interactions. For lower and higher OH exposures, yields of PAM α-pinene SOA were different (0.26 ± 0.04 and 0.19 ± 0.03) than the maximum measured yield at 3 × 10 11 molec cm −3 s OH exposure. This was also the case for yields of PAM m-xylene SOA, which were 0.024 ± 0.005 at lower exposures and 0.022 ± 0.003 at higher OH exposures. This decrease in PAM yields with increasing OH exposure may be due to SOA fragmentation to smaller, more volatile oxidation products, or to more rapid gas-phase oxidation suppressing aerosol growth . Figure 7 indicates that SOA yield was strongly affected by C OA . Further, at a specific C OA , SOA yield increased with decreasing reactor SA/V ratio from the TPOT (2.8 cm −1 ) to the PAM (0.23 cm −1 ) to the Caltech chamber (0.027 cm −1 ). The most applicable comparison would use the same precursor concentrations and the same OH exposure. However, because of experimental constraints, these yield curves were generated using gas-phase precursor mixing ratios of 262-263 ppb in the TPOT, 78-88 ppb in the PAM, and 14-48 ppb in the Caltech chamber. Because SOA yield often increases with increasing precursor concentration (Odum et al., 1996; Kang et al., 2007) , trends shown in Fig. 7 would have been even more pronounced if the initial precursor concentrations were similar in the TPOT, PAM and Caltech chamber.
As is evident in Figs. 6 and 7, at comparable OH exposures, the SOA O/C ratio and yield obtained with the flow tubes are different from those obtained in the smog chamber for m-xylene and to a lesser extent for α-pinene. While the disagreement in SOA yield between the PAM chamber and the Caltech chamber for m-xylene was also seen for the PAM chamber in Kang et al. (2007) , the SOA yield for α-pinene is within the uncertainties of the SOA yields obtained in the Caltech and Kang et al. (2007) chambers. Oxidation rate, oligomerization reactions, UV lamp intensity/wavelength, and/or wall effects may have influenced SOA yield. Faster gas-phase oxidation relative to nucleation could explain lower yields in the flow tubes than in the smog chamber. Longer oxidation timescales in the smog chamber could favor the formation of oligomers to an extent that is not possible in the flow tubes (e.g. Hallquist et al., 2009 and references therein). UV lamp intensity or wavelength could affect yield of oxidation products with strong UV absorption (e.g. organic peroxides; Presto et al., 2005) . The flow tube and Caltech chamber UV lamps have a peak light output at λ = 254 nm and λ = 350 nm, respectively. However, if the flow tubes generate SOA that absorbs 254 nm light, the UV intensity in the TPOT would have to be higher than in the PAM to explain trends shown in Figs. 6 and 7. The UV intensity was not measured in the flow tubes. However, because OH exposures were similar in both flow tubes using the same O 2 , O 3 and H 2 O inputs, wall effects seem to have the strongest influence on SOA yield. In particular, it is likely that the results are affected by wall losses of semivolatile oxidation products. More work is necessary to determine the effects of walls on semivolatile gases and particles in all chambers. Figure 8 plots the hygroscopicity parameter (κ) of flow tube m-xylene and α-pinene SOA particles as a function of OH exposure. The TPOT and PAM measurements agreed within 30% and 25% for m-xylene and α-pinene SOA, respectively. As with oxidized BES particles, κ increased with increasing OH exposure and corresponding O/C ratio. For particles generated at an OH exposure of ∼1.5 × 10 12 molec cm −3 s, PAM SOA had a slightly higher O/C ratio and higher κ than TPOT SOA. This is consistent with more highly-oxidized hydrophilic particles having higher water solubility (Massoli et al., 2010) .
SOA CCN activity
Flow tube design modifications
Flow tube reactors can be used in a variety of ways to study aerosol chemistry, ranging from heterogeneous oxidation studies to CCN modification and SOA formation. Measurements presented in this paper suggest several design changes that are likely to modify aerosol flow tube performance. Replacing pyrex flow tube walls with a passivated conductive material (e.g. Silconert-coated stainless steel or high nickel-alloy steel) could increase particle transmission efficiency by minimizing electrostatic losses. Using a flow tube with a smaller diameter-to-length ratio yields narrower flow tube residence time distributions, which ensures that chemicals within the reactor experience a more uniform OH exposure for heterogeneous oxidation experiments. However, A. T. Lambe et al.: Characterization of aerosol photooxidation flow reactors decreasing the diameter-to-length ratio increases the SA/V ratio and losses of wall-adhering gases and their secondary aerosol yields. For SOA formation experiments, decreasing the flow tube SA/V ratio and manipulating the flows so that the sampled air is not influenced by the walls are important modifications. As an example, the primary sample flow from the PAM subsamples gas and particles from the center of the tube (minimizing diffusional interactions with the walls) and a secondary peripheral flow removes air near the reactor walls.
Summary
This work evaluated two flow tube reactor designs (TPOT and PAM) in terms of gas and particle transmission efficiencies, residence time distributions (RTDs), and oxidized organic aerosols generated from gas-and particle-phase precursors (m-xylene, α-pinene, BES). The TPOT was developed for aerosol heterogeneous oxidation studies where uniform OH exposure is more important than minimizing wall losses.
On the other hand, the PAM was developed with a separate flow to minimize wall interactions, as is important for SOA formation studies. First, transmission efficiency measurements for CO 2 , SO 2 , BES particles and H 2 SO 4 were performed. Second, RTDs were measured for CO 2 , SO 2 and BES particles. Third, O/C ratio and CCN activity of BES particles exposed to OH radicals were characterized. Fourth, O/C ratio and yield of m-xylene and α-pinene SOA generated in the TPOT, the PAM and the Caltech chamber were compared. CCN activity of SOA generated in the flow tubes was also characterized. The intercomparison dataset is limited because the TPOT was available for this study for only a limited time (2 weeks). However, results are sufficient to draw conclusions about inherent advantages and disadvantages of the two designs. The main difference between the flow tubes was the degree to which gases and aerosols interacted with reactor wall surfaces. The TPOT yielded narrower RTDs because of its larger length-to-diameter ratio. However, its transmission efficiency for gas-phase SO 2 was lower than that for the PAM, either due to the increased accessibility of the walls within the reaction chamber or within the mixing chamber. SOA yields were also lower in the TPOT than in the PAM, which is consistent with enhanced wall loss of VOC oxidation products in the TPOT. Transmission efficiency for BES and H 2 SO 4 particles was size-dependent and was similar for the two flow tube designs. The particle loss was sufficiently large that it needs to be accounted for in SOA formation studies.
Under similar oxidizing conditions, the O/C ratio of BES particles processed in the flow tubes was similar. Hygroscopic properties (e.g., CCN activity) were similar at high oxidation conditions, but different at low oxidation conditions (Fig. 4) . SOA O/C ratio and yields were strongly affected by reactor design and operating conditions. At comparable OH exposures, flow tube SOA was more oxidized than smog chamber SOA (Fig. 5) , perhaps arising from enhanced oxidation occurring prior to particle nucleation. We are not certain of the reasons for this difference, but we note that smog chamber studies have been largely unable to match field observations of the degree of oxygenation of ambient aerosol, and so further studies in this regard are warranted. Also, the flow tube studies were conducted without a seed aerosol present, whereas the smog chamber results employed a seed, which likely plays an important role in promoting aerosol growth (Kroll et al., 2007) . Flow tube SOA yields were consistently lower than smog chamber SOA yields (Figs. 6 and 7) . The CCN activity of flow tubegenerated SOA particles was similar between the TPOT and PAM (Fig. 8) .
Smog chambers require running long experiments and currently only access OH exposures <1 × 10 11 molec cm −3 s, or about 1 day of atmospheric aging. Wall effects are always present and are typically accounted for using size-dependent wall loss corrections. Flow tubes can characterize aerosols over atmospheric aging timescales of 1-10 days, but require high oxidant concentrations and also have wall effects that can influence measurements. The data presented illustrate the high degree of oxidation that can be achieved within such reactors. However, they also demonstrate that SOA yields from such reactors must be viewed with caution, given the important role that wall losses may be playing. A flow reactor that is operated with seed particles and/or a sheath flow to reduce wall interactions should be able to minimize wall effects and produce SOA yields that more closely represent true values. Overall, this work highlights the importance of flow tube and smog chamber comparisons to evaluate their utility as complementary tools for providing data inputs to climate and air quality models.
Appendix A Supporting information
A1 OH exposure calibrations SO 2 was used to calculate the OH exposure in the flow tubes. First, SO 2 was introduced with the lamps turned off until its initial concentration (SO 2,i ) remained constant at steadystate conditions. Then, the flow tube and ozone UV lamps were turned on and adjusted to a specific intensity. This condition was maintained until the final SO 2 concentration (SO 2,f ) remained constant. Then, this procedure was repeated at several different conditions to obtain an OH exposure calibration. The OH exposure at each condition is calculated using Eq. (A1): where k OH,SO2 = 9 × 10 −13 cm 3 molec −1 is the bimolecular rate constant between OH and SO 2 (Davis and Ravishankara, 1979) . Equation (A1) is the result of integrating the differential rate equation for SO 2 and assuming pseudo-first order kinetics. Using this type of calibration procedure has two advantages. First, any potential bias resulting from SO 2 wall losses cancels out. Second, no assumptions about SO 2 residence times need to be made, since the OH exposure (product of the OH concentration and average residence time) is determined directly from the initial and final SO 2 concentrations. Figure Figure A2 shows example CCN activation curves for oxidized BES particles, m-xylene SOA particles, and α-pinene SOA particles, with the CCN-activated fraction plotted as a function of water supersaturation. The critical supersaturation (50% activation level) was determined by fitting a sigmoid curve to the CCN activation curves. To indicate the effect of particle chemistry on CCN activity, the markers in Fig. A2 are colored by their corresponding O/C ratios. As the O/C ratio was increased via increasing OH exposure, the critical supersaturation decreased (Fig. 8) .
A2 O/C-f 44 parameterizations
A3 CCN activation curves
A4 Taylor dispersion model for characterizing flow tube residence time distributions
As discussed in Sect. 3.3, flow tube residence time distributions (RTDs) were compared with RTDs for ideal reactor models (Fig. 3 ). An ideal plug flow reactor (PFR) has no axial mixing and all fluid elements have the same residence time. An ideal laminar flow reactor also has no axial mixing, but is characterized by a wider RTD because of slower flow near the walls. The flow tube RTDs did not follow ideal reactor behaviour. Because the flow is laminar (Re = 15 in TPOT and Re = 55 in PAM), a model that describes axial dispersion in laminar flow (Taylor, 1953) was used to characterize the flow tube RTDs:
where D L is the axial diffusion coefficient (cm 2 s −1 ), u is the flow velocity (cm s −1 ), and C is the tracer concentration (molec cm −3 ) at time t (s) and axial distance Z (cm). At Z = L (reactor length), the reactor response to a pulsed tracer input is given by Eq. (A3) (Levenspiel and Smith, 1957; Hill Jr., 1977) :
where t resid is the average residence time of the tracer, assuming constant fluid density. The D L /uL quantity is proportional to the amount of dispersion ("effective dispersion coefficient"). Equation (A3) was fit to the TPOT SO 2 RTD as shown in Fig. A3c . SO 2 -wall interactions in the TPOT create a wide SO 2 RTD that is well-described by Eq. (A3). Other RTDs (CO 2 , BES, PAM SO 2 ) were characterized by a sharp initial pulse followed by a long tail (Fig. A3a,b and e,f) , and Eq. (A3) did not provide a good fit. The fit to a Taylor dispersion model was improved by assuming that two dispersion timescales govern the flow (i.e., there are two distinct flow regimes). This assumption is likely to more closely model the complexity of the flow patterns: one direct flow path through the flow tube systems and a secondary flow path that undergoes recirculation within the flow tube. A modified Taylor dispersion model was derived to characterize both flow components (first component with minor dispersion, second component with significant dispersion) and is shown in Eq. (A4): Equation (A4) was fit to CO 2 , BES, and PAM SO 2 RTDs (Fig. A3a,b and d-f ). The flow model employed here provides a self-consistent, qualitative interpretation of the observed experimental results, including characterizing both components of the flow tube RTDs. The CO 2 RTD was narrower in the TPOT than in the PAM, especially for the secondary (in time) flow component, as indicated by the smaller effective dispersion coefficients (0.03 and 0.25 versus 0.03 and 0.30). The BES RTDs were also characterized by smaller dispersion coefficients in the TPOT (0.02 and 0.11) than in the PAM (0.04 and 0.26). These results suggest that less dispersion causes narrower RTDs in the TPOT than in the PAM, as expected, based on the flow tube geometries that were employed. However, our application of this model is not rigorous as our specific cases do not appear to meet the strict criteria for Taylor dispersion (radial diffusion axial residence time). While several factors may help relax the criteria in our cases, including two apparently well-defined flow regimes (limiting effective radial dimensions) and the well-mixed conditions of the trace gas or particles, this model does not provide a complete physical interpretation of the measured RTDs.
